The LHCf experiment has been designed to precisely measure very forward neutral particle spectra produced in proton-proton collisions at LHC up to an energy of 14 TeV in the center of mass system. These measurements are of fundamental importance to calibrate the Monte Carlo models widely used in the high energy cosmic ray (HECR) field, up to an equivalent laboratory energy of the order of 10 17 eV. In 2009-2010 the experiment has completed the p-p data taking at √ s = 0.9 TeV and √ s = 7 TeV and the detectors have later on been removed from the tunnel region, when the LHC luminosity increased above 10 30 cm −2 s −1 . In this paper the most up-to-date results on the inclusive photon spectra and the π 0 spectra measured by LHCf are reported. Comparison of these spectra with the model expectations and the impact on high energy cosmic ray (HECR) Physics
Introduction
LHCf is the smallest of the LHC experiments. It has been designed to study neutral particles produced in proton-proton collisions at LHC in the very forward region, covering the |η| > 8.3 pseudo-rapidity region.
The LHCf experiment differs from the other LHC experiment not only in dimensions but also for the main physics motivation, which for LHCf is strictly connected to astroparticle physics. The goal of the experiment is indeed to measure neutral particle spectra to calibrate Monte Carlo codes used in High Energy Cosmic Ray (HECR) physics. A good knowledge of nuclear interaction model of primary cosmic rays with earth's atmosphere is mandatory to better understand many properties of primary cosmic rays, like the energy spectrum and the composition, whose knowledge is finally strictly related to our capability to understand the origin of high energy phenomena in the Universe. Dedicated extensive air shower experiments are taking data since many years and have strongly contributed to our understanding of High and Ultra High Energy Cosmic (UHECR) Ray Physics. However, the results of these experiments are in some cases not fully in agreement and, in addition, the interpretation of their data in terms of primary cosmic ray properties is strongly affected by the knowledge of the nuclear interactions in the earth's atmosphere. This is true, for instance, for the interpretation of the behaviour of the energy spectrum in the UHE region, in particular the existence of events above the so called GZK cut-off, and the chemical composition of cosmic rays. Indeed, evi-dence of UHECR, above the GZK cut-off, has been reported for the first time by the AGASA experiment [1] . On the contrary, the results of the HiRes [2] experiment and, more recently, the ones of the Pierre Auger Collaboration [3] and the Telescope Array Collaboration [4] are consistent with the existence of the cut-off. The disagreement among data would be reduced by adjusting the energy scales of the different experiments to account for systematic effects in the determination of the particle energy, that might be due to different detecting techniques. Similar considerations hold for the interpretation of cosmic ray composition since it is directly related to their primary sources. Accelerator experiments validating the interaction model chosen are hence essential. As a matter of fact air shower development is dominated by the forward products of the interaction between the primary particle and the atmosphere. The only available data on the production cross-section of neutral pions emitted in the very forward region have been obtained more than twenty years ago by the UA7 Collaboration [5] at the CERN SppS up to an energy of 10 14 eV and in a very narrow pseudo-rapidity range. The LHCf experiment at LHC has the unique opportunity to take data at energies ranging from √ s = 0.9 TeV up to 14 TeV, thus extending significantly the energy range up to a region of great interest for high energy cosmic rays, the region between the "knee" and the GZK cut-off.
The LHCf detector
The detector consists of a double arm -double tower sampling and imaging calorimeter, placed at ± 140 m from ATLAS interaction point (IP1) inside the zero-degree neutral absorbers (Target Neutral Absorber, TAN). Charged particles from the IP are swept away by the inner beam separation dipole before reaching the TAN, so that only photons mainly from π 0 decays, neutrons and neutral kaons reach the LHCf calorimeters. Each calorimeter (ARM1 and ARM2) has a double tower structure, with the smaller tower located at zero degree collision angle, approximately covering the region with pseudo-rapidity η > 10 and the larger one, approximately covering the region with 8.4 < η < 10. Each calorimeter tower is made of 16 layers of plastic scintillators interleaved by tungsten layers as converter, complemented by a set of four X-Y position sensitive layers which provide incident shower positions, in order to obtain the transverse momentum of the incident primary and to correct for the effect of leakage from the edges of the calorimeters. The two calorimeters are identical for the calorimetric structure; however they slightly differ for the geometrical arrangement of the two towers and for the position sensitive layers made by 1 mm 2 scintillating fibers in one calorimeter (ARM1) and silicon micro-strip layers in the other (ARM2). The two tower structure allows to reconstruct the π 0 decaying in two γs, hitting separately the two towers, hence providing a very precise absolute energy calibration of the detectors. In the range E> 100 GeV, the LHCf detectors have energy and position resolutions for electromagnetic showers better than 5% and 200µm, respectively. A detailed description of the LHCf detector and its performance can be found in [6] .
3 Measurement of the single photon energy spectra
The LHCf Collaboration has measured the single photon energy spectrum in protonproton collisions at 7 TeV [7] and, more recently, at 900 GeV p-p collisions [8] . Here we briefly summarize the main steps of the analysis with special emphasis to possible implication for the calibration of Monte Carlo models used in HECR Physics. For both analyses only a subset of the collected data have been analysed corresponding to an integrated luminosity of 0.68 nb −1 and 0.52 nb −1 for the ARM1 and ARM2 detectors, respectively, for the 7 TeV data and to an integrated luminosity of 0.30 nb −1 for the 900 GeV analysis. The analysed data have been chosen in a particularly clean and low luminosity fill, to minimize backgrounds, hence reducing the systematics of the measurement.
The main steps of the analysis work-flow are almost identical for the two analysis.
The energy of photons is reconstructed from the signal released by the shower particles in the scintillators, after applying corrections for the non-uniformity of light collection and for particles leaking in and out of the edges of the calorimeter towers. In order to correct for these last two effects, which are rather important due to the limited transverse size of both the calorimetric towers, the transverse impact position of showers provided by the position sensitive detectors is used.
Event produced by neutral hadrons are rejected applying a simple particle identification algorithm based on the longitudinal development of the showers, which is different for electromagnetic and hadronic particles. In addition, for the 7 TeV analysis, thanks to the information provided by the position sensitive detectors, events with more than one shower inside the same tower (multi-hit) are rejected, while for the 900 GeV analysis the number of multi-particle events is negligible hence the multi-hit rejection is not applied. In order to combine the spectra measured by ARM1 and ARM2, which have different geometrical configurations, in these analyses only events detected in a common pseudo-rapidity and azimuthal range are selected: η > 10.94 and 8.81 < η < 8.99, for the small and large towers, respectively, for 7 TeV analysis and η > 10.15 and 8.77 < η < 9.46, for the small and large towers, respectively, for 900 GeV analysis. Figure 1 shows the single γ spectra measured by LHCf in the two pseudorapidity regions for 7 TeV and 900 GeV p-p collisions, respectively, compared with results predicted by MC simulations using different models: DPMJET III-3.04 [9] , QGSJET II-03 [10] , SIBYLL 2.1 [11] , EPOS 1.9 [12] and PYTHIA 8.145 [13] . Statical errors and systematic uncertainties are also plotted. A careful study of systematic uncertainties has been done and conservative estimates have been taken into account. Further details can be found in Ref. [7, 8] . As can be seen from 
Measurement of the neutral pion transverse momentum spectra
The measurement of the single photon energy spectra reported in the previous section are very important to constrain the interaction models used in HECR but are not the only important measurement. A deeper insight can be achieved by measuring the transverse momentum spectra of photons and π 0 . For this reason, in addition to the measurement of the single photon spectra, the LHCf experiment has recently finalised the measurement of the transverse momentum spectra for different rapidity bins for π 0 produced in 7 TeV p-p collisions at LHC. The integrated luminosities corresponding to the data used in this analysis are 2.53 nb −1 (Arm1) and 1.90 nb −1 (Arm2) after the data taking live times were taken into account. The π 0 are reconstructed in LHCf through the identification of their decays in two photons. Events are selected requiring that the two photons enter different calorimeter towers; due to the geometrical acceptance of the detector only photons from π 0 decays with an opening angle of θ < 0.4 mrad can be detected. Energy, p T and rapidity of the π 0 are reconstructed through the measurement of the photon energy and incident position in each calorimeter. In order to ensure good event reconstruction efficiency and geometrical acceptance, the range of the π 0 rapidity and transverse momentum are limited to 8.9 < y < 11.0 and p T < 0.6 GeV/c, respectively. Figure 2 shows the ratios of p T spectra predicted by DPM-JET 3.04 (solid, red), QGSJET II-03 (dashed, blue), SIBYLL 2.1 (dotted, green), EPOS 1.99 (dashed dotted, magenta), and PYTHIA 8.145 (default parameter set, dashed double-dotted, brown) to the combined ARM1 and ARM2 p T spectra (black dots). Error bars have been taken from the statistical and systematic uncertainties. Among hadronic interaction models tested in this analysis, EPOS 1.99 shows the best overall agreement with the LHCf data, although it behaves softer than the data in the low p T region, p T 0.4 GeV/c in 9.0 < y < 9.4 and p T 0.3 GeV/c in 9.4 < y < 9.6, and behaves harder in the large p T region. DPMJET 3.04 and PYTHIA 8.145 show overall agreement with the LHCf data for 9.2 < y < 9.6 and p T < 0.25 GeV/c, while the expected π 0 productions rates by both models exceed the LHCf data for larger p T . Also SIBYLL 2.1 predicts harder pion spectra than the LHCf data, although the expected π 0 yield is generally small. Finally, QGSJET II-03 predicts π 0 spectra that are softer than the LHCf data and the other models. Figure 2 . Ratio of the combined ARM1 and ARM2 π 0 p T spectra to the p T spectra predicted by various hadronic interaction models. Shaded areas indicate the range of total uncertainties of the combined spectra. Figure from Ref. [14] .
By fitting the p T spectra in each rapidity bin it is possible to extract the average transverse momentum, <p T >, which results to be consistent with typical values for soft QCD processes. Comparison between the LHCf and UA7 results indicate an <p T > versus rapidity that is independent of the center of mass energy, in agreement with the expectation of EPOS 1.99, while SYBILL 2.1 tipically gives harder π 0 spectra, namely larger <p T >, and QGSJET II-03 gives softer π 0 spectra, namely smaller <p T > than the experimental data.
Impact of LHCf results on HECR Physics
The first LHCf results have raised attention in the HECR community. As reported in the previous paragraphs, none of the models agree in the whole energy range with the data. Tuning of the models are hence needed to describe the Physics of hadronic interactions at the TeV scale. In order to better understand the implication of this measurement for the HECR Physics, a collaboration with several MC developers and theoreticians has started.
As an example, we have artificially modified the DPMJET III 3.04 model to produce a π 0 spectrum that differs from the original one by an amount approximately equal to the difference expected between the different models. Figure 3 <X max >=718 g/cm 2 <X max >=689 g/cm 2
Figure 3. π 0 spectra at E lab = 10 17 eV for original DPMJET III-3.04 model (red) and artificially modified models (green, blue, magenta), see text (left). Average longitudinal development of the atmospheric shower in the QGSJET II model (red points) and in the artificially modified model (blue points) (right) Fig. 4 shows, as an example, the most recent results by Auger Collaboration [15] for the distribution of the < X max > variable as function of the energy, which is the most commonly used method to infer cosmic rays composition, compared with the model predictions for a proton-like (red lines) and an Iron-like (blue lines) cosmic ray components, respectively. The difference in the < X max > distributions for the two cases is of the order of 100 g/cm 2 , hence a 30 g/cm 2 shift is a sizable difference which may significantly reflect in the interpretation of HECR data. The importance of a direct measurement of the γ and π 0 spectra by LHCf results to be clear.
LHCf operation in p-Pb run
The LHCf detector is also planning to take part to the data taking with p-Pb collisions foreseen at LHC at the beginning of 2013. The interaction of CRs in the Earth's atmosphere necessarily involves nuclei and not only protons. In fact the generation of EAS in the atmosphere is explained in terms of the interaction of primary CRs with atomic nuclei, mainly nitrogen and oxygen nuclei, that are present in the atmosphere itself in different percentages. Moreover the incoming particles can be simply protons, but can also be light or heavy nuclei. The possibility to take data also in pA collisions at high energy at LHC is clearly of extreme importance for the understanding of the properties of hadronic interactions and gives to LHCf the possibility to broaden its Physics program. Despite the ideal probe to study the interaction of CRs with the atmosphere are collisions with nitrogen and oxygen nuclei, which unfortunately are not currently available at the TeV energy regime, anyway the study of p-Pb collisions offers a unique opportunity to measure the modification induced by nuclear effect in the forward region. The asymmetry of the proton-Lead ion collision leads to critical differences in the events observed by the LHCf detector, depending on whether it is installed on the proton-remnant or Lead-remnant side. The proton-remnant side is evidently the most interesting from the point of view of CR physics. tower (left, the one located on the beam line) and the big tower (right). Different colors refer to different hadronic interaction models. From these pictures we can see that the two models are in quite good agreement, especially for the γ component (upper distributions). For the neutron component (lower distributions) we can identify some discrepancies, of the order of a factor 10 for the tower placed on the beam line. Overall we see that the multiplicities are low. Approximately 1% of the events have one single hit and less than a fraction 10 −5 of the events have two hits on a single tower. Therefore we don't expect particular problems, either when data taking or during data analysis.
Photon and neutron spectra
The photon energy spectra from the two calorimeter towers are shown in the top part of figure 2 . Only events with a single hit in the detector have been selected for this study. The measured energy resolution for the two calorimeter towers has been included in the simulation. No fiducial volume geometrical cuts have been applied. Different colors refer to the two different models: purple for DPMJET-III and blue for EPOS. On the bottom part of the same figure the ratios between the expected spectra by DPMJET and EPOS models are shown for the small tower (left) and the big tower (right). The generated statistics is enough to bring out a clear disagreement between the two models, especially for photon energies beyond 1 TeV. This discrepancy is stronger for the small tower, which measures particles at extreme rapidity values (greater than 9.9), but proton remnant side are well under control. Approximately 1% of the events have one single hit and less than a fraction 10 −5 of the events have two hits on a single tower. Fig. 6 shows the expected photon (top panel) and neutron spectra (bottom) on the proton remnant side in each of the two calorimeter towers of the ARM2 detector for the two different models. The two spectra have been convoluted with the energy resolution of the detector. A clear disagreement between the prediction of the two models is visible especially for energies larger than 1 TeV and the LHCf detector can easily discriminate between them both using photon as well neutron spectra thus providing additional useful information for the calibration of such models.
Future activities and summary
In addition to the analysis and data taking activities, the LHCf Collaboration is working on the upgrade of the detector to improve the radiation resistance in view of the 14 TeV p-p run, currently foreseen in 2015. The scintillating part of the detector will be replaced with GSO slabs, which has been proved to be more radiation hard [17] , thus enabling LHCf to sustain the radiation level foreseen in the 14 TeV run. Additional improvements in the front-end electronics of the silicon position sensitive layers of ARM2 detectors as well as an optimization of the layout to improve the stand-alone silicon energy resolution are also on going. it is also visible for the big tower. In particular we find that the DPMJET-III model has a harder spectra than the EPOS model. The difference in the slopes is evident and LHCf with its data will easily discriminate between the two models. Data can be further divided in different bins of rapidity, in order to present the results in a more suitable form for theoretical physicists. The neutron energy spectra for the two calorimeter towers are shown in top part of figure 3. For these analysis all the neutrons entering the detector geometry have been considered, while for a realistic analysis only neutrons interacting in the first tungsten layers of the calorimenter should be considered to have an as good as possible measurement of the energy. The fraction of events that survive after this cut is estimated around 10% from previous preliminary simulations. An energy resolution of 35% has been assumed over the whole energy range which explains the tails exceeding 3.5 TeV in the energy distribution. This is a pessimistic assumption, because from preliminary simulation we find that this resolution is reasonable for neutrons with an energy of a few hundreds GeV, while at 1 TeV it becomes approximately 30 % and further improves for higher energy neutrons. The ratio between the expected spectra by DPMJET and EPOS models is shown in the bottom part of the same figure. Even though the detectors are not optimized for neutron energy measurements, the expected performance from LHCf is more than good enough to allow us to use the neutron spectra as a powerful tool, complementary to photons, for model discrimination.
Invariant cross section
A study of the invariant production cross section for particles at very high rapidity in p-Pb collisions is of great interest both for CR physics and for QCD studies. As reported for example by the STAR experiment at RHIC [3] , neutral pion production in deuteron-Gold ion interactions at √ s NN = 200 GeV is significantly reduced with respect to what is expected if screening effects between nucleons are neglected and only binary interactions are considered. Apart from the difference on the total energy of the interaction that it is possible to produce at the LHC, twenty times greater that RHIC energy in the NNCM frame, the STAR results refer to rapidity and transverse momentum regions that are completely different from the regions accessible by the LHCf. LHCf can measure much more forward-produced particles, probing the region of interest for very high energy CR physics. In a preliminary study, we have seen that the invariant production cross section for photons can be very clearly measured by LHCf. Gamma rays produced in the energy range measured by LHCf (E γ > 100 GeV) are almost completely due to neutral pion decays; this measurement should give therefore 
